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The nuclear receptor PXR (pregnane X receptor) protects the body
from hepatotoxicity of secondary bile acids such as lithocholic acid
(LCA) by inducing expression of the hydroxylating cytochrome
P450 enzyme CYP3A and promoting detoxification. We found that
activation of PXR also increases the activity and gene expression of
the phase II conjugating enzyme dehydroepiandrosterone sulfo-
transferase (STD) known to sulfate LCA to facilitate its elimination.
This activation is direct and appears to extend to other xenobio-
tic sulfotransferases as well as to 3�-phosphoadenosine 5�-
phosphosulfate synthetase 2 (PAPSS2), an enzyme that generates
the donor cofactor for the reaction. Because sulfation plays an
important role in the metabolism of many xenobiotics, prescription
drugs, and toxins, we propose that PXR serves as a master regu-
lator of the phase I and II responses to facilitate rapid and efficient
detoxification and elimination of foreign chemicals.

Cholestatic liver diseases are manifested by progressive intra-
hepatic retention of bile acids resulting in liver injury,

cirrhosis, and frequently death. Amongst various forms of bile
acids, lithocholic acid (LCA) is the most toxic. LCA is a
hydrophobic secondary bile acid that is primarily formed by
intestinal bacteria. Administration of LCA and its conjugates in
rodents causes histologic liver damage and other pathological
changes (1, 2). Elevated levels of LCA have also been correlated
with increased incidence of colorectal cancer (3, 4).

One of the mechanisms that protect our body from LCA
toxicity involves the orphan nuclear receptor PXR [pregnane X
receptor, also known as the steroid and xenobiotic receptor
(SXR) or the pregnane-activated receptor (PAR) in humans]
(5–8). PXR is activated by a diverse array of lipophilic chemicals,
including endogenous LCA and its direct metabolite 3-keto-
LCA (9, 10) as well as many xenobiotic compounds such as
prescription drugs, over-the-counter medications, herbal medi-
cines, ingested food derivatives, and industrial pollutants (for
reviews, see refs. 11 and 12). Activated PXR in turn induces
expression of genes encoding oxidative cytochrome P450 en-
zymes (CYPs) and drug transporters by binding to the PXR
response elements found within the promoter regions of these
target genes. Both loss- and gain-of-function mouse genetic
experiments have demonstrated that activation of PXR is es-
sential in the catabolism and detoxification of LCA. First,
PXR-null mice are more susceptible to LCA-induced liver
toxicity than wild-type mice when excess LCA is introduced into
the digestive tract, presumably because of a defect of PXR-null
mice in mounting a LCA-induced and PXR-mediated protective
xenobiotic response (10). Second, activation of PXR by pretreat-
ing mice with an prototypic PXR activator and CYP3A inducer
pregnenolone-16�-carbonitrile (PCN) or by hepatic expression
of an activated form of human PXR transgene (Alb-VP-hPXR,
originally described as Alb-VPSXR) confers marked resistance
to multiple xenotoxicants, including LCA (9, 10, 13–15).

Since CYP3A enzymes are the originally characterized target
genes for PXR, the mechanism of LCA detoxification was
attributed to increased hydroxylation by CYP3A and conversion
to nontoxic bile acids such as hyodeoxycholic acid or murideoxy-

cholic acid (10). However, CYP3A induction may not fully
explain the protection. Inspection of the hepatic level of CYP3A
mRNA revealed that LCA elicits similar levels of CYP3A
expression in wild-type and PXR-null mice (9, 10). This obser-
vation suggests that additional PXR target genes and�or alter-
native nuclear receptors might be involved in the catabolism
of LCA.

In humans, 40–70% of total LCA present in gall bladder bile
and feces is in sulfated forms (16, 17). In fact, a number of
experiments indicate sulfation as an important detoxification
step of LCA, particularly under cholestatic conditions where
LCA level is elevated (1, 18). In addition, LCA produces marked
cholestasis when introduced in experimental animals, whereas
sulfated LCA does not (19). Sulfated LCA also shows less
cytotoxicity than LCA when isolated cells are exposed to it (20,
21). Rhesus monkeys, defective in LCA sulfation, accumulate
LCA in the enterohepatic circulation upon administration of
chenodeoxycholic acid, resulting in marked hepatotoxicity (22,
23). Moreover, sulfation increases water solubility of LCA, thus
increasing its biliary and urinary excretion as well as reducing
reabsorption through intestinal lumen (24, 25). Together, sulfa-
tion appears to play a critical role in detoxification and elimi-
nation of LCA (Fig. 1A).

Sulfation of LCA is mediated primarily by dehydroepiandro-
sterone sulfotransferase (DHEA SULT or STD), which belongs
to a family of conjugating enzymes called cytosolic sulfo-
transferases (SULTs). SULTs catalyze transfer of a sulfonyl
group from the donor molecule 3�-phosphoadenosine 5�-
phosphosulfate (PAPS) to hydroxyl or amino groups of li-
pophilic molecules, forming sulfate or sulfamate conjugates,
respectively. At least 10 human isoforms and 11 mouse isoforms
of SULTs have been identified to date (for reviews, see refs. 26
and 27). Among SULTs, STD is mainly responsible for the
sulfation of hydroxysteroids, including bile acids, of which LCA
is one of the most favorable substrates (28–30). The expression
and activity of STD has been shown to be induced by PCN in rats
(31). PCN is a prototypic activator for rodent PXR (7), and
pretreatment with PCN is known to protect the liver from
subsequent LCA toxicity (13). These observations suggest that
PCN-induced protection is mediated, in part, by increasing STD
expression.

In this report, we present the evidence that activation of PXR
in mice results in increased STD expression and enzymatic
activity. We identified a binding site for PXR within the STD
promoter, indicating that STD is a direct transcriptional target
of PXR. Moreover, activation of PXR also induces PAPS
synthetase 2 (PAPSS2), an enzyme responsible for generating
the sulfonate donor PAPS. We propose that induction of SULTs
and PAPSS2 by PXR synergistically increases sulfation capacity
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of liver, resulting in detoxification of bile acids and other
xenobiotic chemicals.

Materials and Methods
Animal Studies. PXR-null mice and Alb-VP-hPXR transgenic
mice have been described (14). In Fig. 1E, mice were subjected
to daily i.p. injection of 40 mg�kg PCN for 4 days. Three hours
after the last treatment, liver total RNA was isolated and
subjected to Northern blot analysis. Results shown are repre-
sentative of three experiments.

Sulfotransferase Assay. Sulfotransferase was assayed by using
[35S]PAPS (DuPont�NEN) essentially as described (32). Specif-
ically, 2.5 �g�ml total liver cytosolic extract was used with 5 �M
DHEA as the substrate (Fig. 1B) and 5 �g�ml total extract was
used with 2 �M p-nitrophenol as the substrate (Fig. 4B). After
the reaction, free [35S]PAPS was removed either by sequential
addition of Ba(OH)2 and ZnSO4, which precipitates [35S]PAPS
(for Fig. 1B), or by extracting with ethyl acetate (Fig. 4B).
Soluble fractions or aqueous phase were then analyzed for
radioactivity by using a scintillation counter. Sulfotransferase
activity specific to each substrate was calculated by subtracting
cpm obtained from control reactions that did not contain
substrate. Each reaction was assayed in triplicate, and the
mean � SD of results obtained from three pairs of mice is shown.

Transient Transfection. The reporter plasmid tk-3A4-luc and the
expression vectors for hPXR, mPXR, and hRXR� have been

described (6). To construct reporter plasmid rSTD-luc, a frag-
ment encoding 5� f lanking region (�1023 to �38) of rat STD was
generated by PCR and inserted into pGL3 (Promega). The
mutant derivative was generated by site-directed mutagenesis.
tk-IR0-luc was generated by inserting an oligonucleotide encod-
ing three copies of each IR0 element into tk-luc plasmid. CV-1
cells and HepG2 cells were transfected in 48-well format by using
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium
methylsulfate (DOTAP) transfection reagent (Roche) and Li-
pofectamine 2000 (Invitrogen), respectively. When necessary,
cells were treated with LCA (Sigma), rifampicin (10 �M, Sigma),
or PCN (10 �M, Sigma) in medium containing 10% steroid-
stripped serum.

Primary Rat Hepatocytes. Rat hepatocytes were freshly isolated
essentially as described in ref. 33. Specifically, hepatocytes
isolated by collagenase perfusion were plated at a density of 3.3
million per 60-mm dish in our standard Waymouth medium
supplemented with 5% FBS. After 4 h of incubation at 37°C, the
medium was replaced with serum-free Waymouth medium
containing 0.33 mg�ml Matrigel. The cultures were maintained
for 62 h in serum-free Waymouth medium before treatment for
24 h with 10 �M PCN. The plates were incubated 30 min at 4°C
in 2 ml of 40 mM Tris�HCl buffer, pH 7.4, containing 5 mM
EDTA and 150 mM NaCl to solubilize the Matrigel before RNA
isolation.

Northern Blot Analysis. RNA was prepared from frozen liver tissue
by using the Trizol reagent (Invitrogen) or from rat primary

Fig. 1. Activation of PXR induces dehydroepiandrosterone (DHEA) sulfotransferase (STD) activity in rodent livers. (A) Two pathways known to metabolize LCA
in the liver. Hydroxylation by CYP3A converts LCA (1) to nontoxic bile acids such as hyodeoxycholic acid or murideoxycholic acid (2), whereas sulfation by STD
converts LCA to a less toxic and more water-soluble form (3). (B) Cytosolic liver extracts from transgenic Alb-VP-hPXR male mice or nontransgenic littermates were
subjected to enzymatic assays for STD activity on the prototypic substrate DHEA using the cofactor 3�-phosphoadenosine 5�-phospho[35S]sulfate ([35S]PAPS).
Shown is the mean � SD obtained from three pairs of mice. (C) Total liver RNA obtained from transgenic Alb-VP-hPXR mice or nontransgenic littermates of
indicated age and sex was subjected to Northern blot analysis using STD and GAPDH (loading control) cDNAs as probes. (D) Northern blot analysis of adult male
liver and intestine RNA with ST2B2 cDNA as probe. Note that ST2B2 mRNA is detectable in the intestine, but not in the liver. (E) Total liver RNA from male mice
treated with PCN or solvent control was extracted and subjected to Northern blot analysis using STD, OATP2, and GAPDH cDNA as probes. The results show that
PCN treatment induces expression of STD mRNA. The film was exposed for 5 times longer than the image shown in C to visualize the relatively lower levels of
induction of STD and OATP2 by PCN. OATP2, which encodes Na�-independent organic anion transporter, was previously shown to be a direct target of PXR and thus
serves as a positive control for the drug treatment (9). Note that neither STD nor OATP2 is induced by PCN in PXR-null mice. (F) Primary hepatocytes were isolated from
rat livers and treated with PCN or solvent control. Total mRNA was isolated and subjected to Northern blot analysis using mouse STD cDNA as a probe.
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hepatocytes by using a Qiagen kit. Northern hybridization was
carried out by the standard method. Fragments used to generate
32P-labeled probes were excised from the following EST clones:
STD (IMAGE Consortium no. 1450928), ST1E5 (IMAGE
2649156), ST1D1 (IMAGE 4235817), ST2B2 (IMAGE 403950),
and PAPSS2 (IMAGE 336536). The probe for OATP2 was
described in ref. 9.

DNA-Binding Analysis. Electrophoretic mobility-shift assays
(EMSAs) were performed as described in ref. 6, using in vitro
transcribed and translated proteins (TNT, Promega). For com-
petition binding, 32P-labeled IR0 probe was premixed with
unlabeled probe at 0.5, 5, or 50-fold molar excess and then mixed
with proteins premixed with binding buffers. The following
oligonucleotides were used: rat IR0, TTTGGGGGTCAT-
GAACTTGGGC; IR0 mutant, TTTGGGGGTACCGAACT-
TGGGC; CYP3A1 DR3, and TAGACAGTTCATGAAGT-
TCATCTAC.

Results
PXR Induces STD. We have previously shown that transgenic mice
harboring an activated form of human PXR under the albumin
promoter (Alb-VP-hPXR) exhibit sustained induction of hepatic
CYP3A11 expression (14) and enhanced resistance against LCA
toxicity (10). To test whether resistance of Alb-VP-hPXR mice
to LCA involves induction of STD (Fig. 1 A), we measured STD
activity in the liver from transgenic and nontransgenic litter-
mates by using the substrate DHEA. As shown in Fig. 1B, total
liver extracts from the Alb-VP-hPXR transgenic mice exhibit
enhanced STD activity compared with nontransgenic wild-type
mice, suggesting that STD is also under positive control of PXR.
This result is in agreement with a previous report that admin-
istration of PCN induces STD activity in liver of both male and
female rats (31).

In addition to STD, the mouse genome encodes the intestinal
ST2B2 gene that is predicted to bear sulfotransferase activity
toward hydroxysteroids such as bile acids and DHEA (34). To
test whether increased sulfotransferase activity toward DHEA in
Alb-VP-hPXR mice is due to transcriptional activation of either
gene, we examined the mRNA levels of STD and ST2B2 in
Alb-VPhPXR liver by Northern blot analysis. As shown Fig. 1C,
a significantly higher level of STD mRNA is present in the
Alb-VP-hPXR liver compared with wild-type control in both
male and female and both younger and older mice, although the
basal STD expression is regulated in age- and sex-dependent
manner (35). In contrast, no expression of ST2B2 mRNA was
detected in the liver in either genotype (Fig. 1D). These results
provide compelling evidence that activation of PXR induces
hepatic STD activity through transcriptional induction.

We also found that administration of the PXR agonist PCN
induces hepatic expression of STD in the wild-type mice. The
liver induction of STD is mediated by PXR because PCN
treatment has no effect on STD expression in PXR null mice
(Fig. 1E). The level of STD induction by PCN is lower than that
in the VP-hPXR transgenic mice, but it is comparable to the
induction level of OATP2, a previously identified direct PXR
target gene (Fig. 1E) (9, 36). PCN is known to induce expression
of mRNA encoding STD in rat livers (31). Indeed, PCN treat-
ment of primary hepatocytes isolated from rats results in strong
induction of mRNA that cross-hybridizes to the mouse STD
probe (Fig. 1F), suggesting that mechanisms of STD regulation
by PXR are conserved between these two rodent species.

STD Is Directly Regulated by PXR. To ask whether PXR regulates
STD mRNA level by controlling its transcription, 5� f lanking
regions of PCN-inducible isoforms of rat STD (also known as
ST2A1 or SULT2–40�41) were cloned and fused to a firefly
luciferase reporter gene. A similar fragment has been shown to

support basal transcription in rat hepatocytes as well as in human
hepatoma-derived HepG2 cells (37, 38). We also cloned the
corresponding region from the 5� f lanking region of the mouse
STD gene (known as ST2A4�9), whose nucleotide sequence is
highly conserved with its rat counterpart (76% identity, not
shown).

Using an approximately 1-kb fragment of the rat STD pro-
moter, we found that LCA activates transcription in HepG2 cells,
but only when both hPXR and its heterodimeric partner retinoid
X receptor � (RXR�) were cotransfected (Fig. 2A). Inspection
of the rat STD promoter revealed a candidate IR0 (inverted
repeats without a spacing nucleotide) response element (37)
(Fig. 2B). A similar IR0 element was also found in the conserved
mouse STD gene (Fig. 2B). The rat STD IR0 element has
previously been described as an atypical response element for
farnesoide X receptor (FXR) (30) and required for transcrip-
tional induction by PCN in rat primary hepatocytes (38). We
examined whether this element mediates the PXR-dependent
transcriptional regulation by generating a reporter construct that
disrupts the IR0 sequence. As shown in Fig. 2C, PXR-mediated
induction of the STD gene is abolished by the IR0 mutation. This
element is not only necessary, but in the context of a synthetic
promoter is sufficient to confer responsiveness (Fig. 2D). The
IR0 element is conserved in the 5� f lanking region of the mouse
STD gene except for a single base change (Fig. 2B). We found
that the mouse IR0 element also supports PXR-dependent
activation when used in a similar cotransfection assay (Fig. 2D).
Moreover, the levels of induction through the IR0 element from
either species are comparable to that of the DR3-type PXR-
binding site previously identified in the rat CYP3A23. Taking all
these observations together, we conclude that the IR0 element
mediates PXR-dependent transcriptional activation of STD.

To see whether the IR0 serves as a binding site for PXR, we
conducted an electrophoretic mobility-shift assay (EMSA) using
in vitro synthesized receptor proteins and a 32P-labeled oligonu-
cleotide probe encoding a single copy of the element. As shown
in Fig. 3A, a mobility-shifted complex forms with the STD IR0
and CYP3A1 DR3 probes when both PXR and RXR� are
present (lanes 4 and 12). The mutant IR0 abolishes binding of the
PXR�RXR� complex in vitro (lane 8), indicating that receptor
binding to the IR0 element is essential for induction of STD by
LCA or other PXR ligands. To test the specificity and affinity of
the binding in a semiquantitative manner, we performed com-
petition experiments. Nonlabeled competitor oligonucleotides
encoding the rat STD IR0 element or the rat CYP3A1 DR3
element efficiently compete with binding of the PXR�RXR�
heterodimer to the IR0 element, whereas the mutant IR0
competitor does not affect the binding (Fig. 3B). We conclude
that the PXR�RXR� heterodimer binds to the STD IR0 element
with an affinity similar to that of the previously identified DR3
element.

Coordinate Regulation of the Sulfation System by PXR. Since PXR is
thought to function as a sensor for numerous other drugs,
including those metabolized by phenolic SULTs, we wondered
whether activation of PXR also results in induction of additional
SULTs. To test this idea, we compared liver expression of nine
other SULT genes between VP-hPXR transgenic mice and
nontransgenic control mice. We have found that VP-hPXR in
the liver induces ST1D1 (also known as SULT-N) and ST1E5,
both encoding SULT enzymes that preferentially sulfonate
phenolic compounds (Fig. 4A) (39–41). Consistent with in-
creased mRNA expression of these two phenolic SULTs, total
liver extract from Alb-VP-hPXR transgenic mice contains en-
hanced sulfotransferase activity toward the substrate p-
nitrophenol (Fig. 4B). These results suggest that multiple hepatic
sulfotransferases with distinct substrate specificities are under
transcriptional control of PXR.
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In the presence of excess SULT substrates, sulfonation reac-
tions become saturated in part because of the depletion of
sulfonyl donor cofactor PAPS (42). PAPS is synthesized from

ATP and inorganic sulfate by the activity of a bifunctional
enzyme, PAPSS (43, 44). Of the two known PAPSS isozymes in
mouse, PAPSS2 is primarily responsible for PAPS biosynthesis
in the liver, as mutant mice deficient for the PAPSS2 gene exhibit
severely reduced PAPSS activity in the liver, whereas no reduc-
tion was observed in brain and skin (45, 46). In search for novel
PXR target genes by using a microarray technology (J.M.R.,
W.X., and R.M.E., unpublished work), we have found that
mRNA encoding PAPSS2 is also elevated in the Alb-VP-hPXR
liver (Fig. 4A). Taking these findings together, PXR activation
in the liver appears to induce two classes of rate-limiting factors
for chemical sulfation, SULT enzymes and the cofactor PAPS
(Fig. 4C).

Discussion
In this report we have identified the bile acid sulfotransferase
STD as a regulatory target of PXR. Activation of PXR in mice

Fig. 2. Regulation of the STD promoter by PXR. (A) HepG2 cells were cotrans-
fected with expression vector for human PXR (hPXR; ‚), human RXR� (hRXR�; �),
both hPXR and hRXR� (�), or with a control vector (F) together with rSTD-luc,
CMX-�-gal. Transfected cells were incubated with media containing increasing
concentrations of LCA or solvent control for 24 h before luciferase and �-galac-
tosidase assays. Transcriptional activation was assessed by the relative luciferase
activity normalized by �-galactosidase activity. The results are shown as a fold
induction over solvent control and represent the average of triplicate experi-
ments. (B) Schematic of the conserved 5� flanking region from rat and mouse STD
genes. Position of the IR0 element is indicated by a filled rectangle. The tran-
scription start site is indicated by the arrow. Also, the sequences of IR0 elements
from rat and mouse STDs as well as the mutant IR0 (used in C and D and Fig. 3) are
shownwitharrowsindicatingtheinvertedrepeat.Thecore IR0sequenceis shown
in uppercase and flanking nucleotides are shown in lowercase. Nonconserved
nucleotides in the mouse IR0 and mutant IR0 are shown in underlined lowercase.
(C) HepG2 cells were cotransfected as in A with the indicated receptor expression
vectors along with the rSTD-luc vector containing either the wild-type or the
mutant IR0 element. Transfected cells were incubated with medium containing
rifampicin (Rif; for hPXR), PCN (for mouse PXR, mPXR), or solvent control for 24 h
before being assayed. The results are shown as a fold induction over solvent
control and represent the mean � SD from triplicate experiments. (D) A similar
experiment in which monkey kidney CV-1 cells were cotransfected with synthetic
tk-luc reporters harboring three copies of indicated response elements. A re-
porter gene harboring the DR3 elements from CYP3A23 was used as a positive
control. Similar results were obtained by using LCA or 3-keto-LCA as a ligand (not
shown).

Fig. 3. PXR�RXR heterodimers bind to IR0 elements. Shown are electro-
phoretic mobility-shift assays (EMSAs). Each reaction mixture contained re-
ticulocyte lysate programmed to synthesize hPXR and�or hRXR� along with a
32P-labeled oligonucleotide encoding a single copy of the indicated PXR
response element. Arrowheads indicate labeled DNA-bound PXR�RXR. Free
probes are indicated with asterisks. In B, all reaction mixtures contained
32P-labeled rat STD IR0 probe along with increasing amounts (0.5�, 5�, 50�)
of unlabeled oligonucleotide harboring the competitive response element.
Note that both IR0 and DR3 competitor probes prevent formation of the
slower mobility complex to similar extents, whereas the IR0 mutant compet-
itor does not.
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or rats results in marked induction of endogenous STD. Previ-
ously, the STD promoter has been shown to be transactivated by
the bile acid receptor farnesoide X receptor (FXR), although
induction of STD by FXR-specific agonists in animals remains
to be demonstrated (30). Since LCA is a strong antagonist for
FXR, the FXR pathway may play more significant role when the
concentration of LCA relative to other bile acids is low (47). In
addition, vitamin D receptor (VDR) has recently been shown to
be activated by LCA (48), resulting in induction of CYP3A, a
previously known PXR target gene (49, 50). Thus, these three
distinct nuclear receptors may collaborate to detoxify LCA and
other toxic bile acids through induction of overlapping sets of
target genes.

A number of studies have implicated sulfation as an important
metabolic and detoxification pathway for LCA and other sec-
ondary bile acids, especially in cholestatic conditions when high
concentration of bile acids accumulate in the liver. Our results
suggesting that sulfation of LCA can be up-regulated by PXR
agonists may thus have implications in the treatment of chole-
static diseases. In fact, rifampicin, a potent ligand for hPXR, has
been reported to be effective in treating chronic cholestasis (51,
52). Our results suggest that rifampicin may exert its effect at
least in part by inducing STD. While more sulfated LCA is often

observed in patients with cholestasis (18), there is a group of
patients that show impaired sulfation and low STD expression
level (53–55). Thus, in this group, activation of PXR and
induction of STD may be beneficial in reducing intrahepatic
levels of toxic bile acids and treating cholestasis.

In addition to STD, our study has identified three other genes
involved in sulfonyl conjugation as potential regulatory targets of
PXR. Of these, two encode phenolic SULTs, ST1D1 and ST1E5,
and one encodes PAPSS2, the enzyme responsible for generation
of the sulfotransferase cofactor PAPS in the liver. The induction of
PAPSS2 is of particular significance, because its catalytic product
PAPS is the rate-limiting factor for sulfonation at high concentra-
tions of substrate (42). Whether these genes are all direct tran-
scriptional targets of PXR has yet to be established, nevertheless
our results indicate that activation of PXR results in an increased
general capacity of the sulfonation system (Fig. 4C).

The regulation of SULTs by PXR may also be implicated in
hormonal homeostasis. The sex hormones and their precursors,
including estrogen, androgen, and DHEA, are known substrates for
SULTs. With rare exceptions, sulfonated sex hormones are com-
pletely inactive (for reviews, see refs. 26 and 56). Thus, changes in
sulfotransferase expression and enzymatic activity can markedly
alter the bioavailability of steroid hormones and sensitivity of target
cells. An influence of estrogen on the occurrence of breast cancer
is well established. Interestingly, STD expression is altered in a
number of human breast cancer cell lines (57). Because STD is a
direct target of PXR, which is also expressed in the breast (58),
ligands that allow manipulation of PXR activity may help to reduce
cancer risk through enhanced sex hormone sulfation.

Sulfonation by SULTs also plays an important role in metab-
olism of many foreign chemicals, including the commonly used
anti-inflammatory drug acetaminophen, whose excess causes
liver injury. In fact, sulfation of acetaminophen has been shown
to be increased by PXR agonists such as dexamethasone and
PCN in mouse hepatocytes (59). In general, most drugs are
metabolized in the liver and intestine by a two-step mechanism.
The first is the functionalization step (phase I) that involves
oxidation and hydroxylation by CYP or by other oxidative
enzymes. This is followed by conjugation to polar moieties such
as sulfonyl group, glucuronides, or glutathione (phase II) that
facilitates detoxification as well as urinary and fecal excretion.
Previously, PXR has been shown to directly induce expression of
phase I enzymes CYP3A and CYP2B. The results shown here
thus indicate that PXR can coordinately regulate both the phase
I and phase II steps of the drug metabolic pathway. Consistent
with this idea, recent microarray analysis using the known PXR
ligand rifampicin has identified several phase I enzymes, includ-
ing CYP2A, CYP2C, monoamine oxidase, and flavin-containing
monooxidases as well as phase II enzymes such as UDP-
glucuronosyltransferases and glutathione S-transferases as pu-
tative PXR target genes (60). A similar set of enzymes including
SULTs described here were also identified by microarray anal-
ysis of liver mRNA from Alb-VP-hPXR mice (J.M.R., W.X., and
R.M.E., unpublished work). Together, these results support a
proposal that PXR serves as a master regulator of a hepatic drug
clearance system that determines sensitivity of animals to a wide
variety of endogenously and exogenously derived chemicals.
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Biology. This work was supported by the Howard Hughes Medical
Institute (R.M.E.) and National Institutes of Health Grant ESO5744
(P.S.G.).

Fig. 4. Coordinate regulation of the phase II sulfonation system by PXR. (A)
Northern blot analysis of total liver RNA isolated from transgenic Alb-VP-hPXR
male mice or nontransgenic littermates of the indicated age. The same blot
was reprobed with the indicated labeled cDNAs. Mice encode two isoforms of
PAPSS, of which only PAPPS2, not PAPSS1, is induced by the presence of
VP-hPXR (not shown). (B) Cytosolic liver extracts from transgenic VP-hPXR
male mice or nontransgenic littermates were subjected to enzymatic assay for
phenolic SULT activity by using the prototypic substrate p-nitrophenol and the
cofactor [35S]PAPS. Shown is the mean � SD of results obtained from three
pairs of mice. (C) Model for PXR as a regulator of sulfonation pathway and
drug clearance. Activation of PXR by LCA or xenobiotic compounds (gray oval)
results in coordinate up-regulation of drug-metabolizing pathways through
transcriptional induction of genes encoding phase I CYP enzymes (1), phase II
SULT enzymes (2), a bifunctional enzyme, PAPSS2, that catalyzes conversion of
ATP and inorganic sulfate (Si) into the SULT cofactor PAPS (3), and drug
transporters such as MDR1 or MRP2 (4).
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